Recently, observational data and high precision mapping of the local velocity field of Local Group and Virgo cluster have revealed a linear velocity-distance relation of the outermost galaxies, properly referred to as Local Hubble Flow. By means of direct Nbody method, we performed several simulations in which a galaxy cluster undergoes the action of the Dark Energy force and of the gravitational one induced by the gas. We reproduced the so-called Hubble diagrams, to highlight the outflow of the galaxies lying in the external region of the cluster. Our preliminary results suggest that the observed outflow of galaxies is likely due to the local effect of Dark Energy. Furthermore, the accuracy of the N-body method used, allows us to follow the merging process among some galaxies with the aim to reproduce the formation of a single compact object in the centre of the cluster.
INTRODUCTION
According to the Λ Cold Dark Matter paradigm (ΛCDM), all celestial bodies are embedded in a perfectly uniform Dark Energy (DE) background, which generate a repulsive force opposite to the gravitational one. Recent observational works have revealed the presence of the so-called Local Hubble Flow (LHF), a regular velocitydistance relation of galaxies that lie in the outermost region of the clusters, seen in our Local Group and in the nearest Virgo cluster 1,2 . Through numerical simulations made by a direct N-body code, this work aims to quantify the role of the DE on the flow out of galaxies from the cluster centre, by investigating if DE can have strong dynamical effects on small cosmic scales, i.e. a single galaxy cluster.
MODELS OF SIMULATIONS
We show the dynamical evolution of a single galaxy cluster composed by a total number of particles greater than 10 6 , divided into N g = 240 galaxies. It is trivial to stress that a real cluster of galaxies contains a number of stars in the range 10 13 − 10 15 , but such small number is enough for a sufficient precise description of the global dynamics within the cluster.
Modeling the galaxy cluster
The distribution of the galaxies masses in the cluster is
g . We selected M g in the range (9 × 10 10 − 10 12 ) M ⊙ . Each galaxy have been modeled with the so-called Dehnen γ-models 4 , whose density profiles are given by:
where M g is the total mass of the galaxy, r g its lenght scale and γ is the inner slope of the profile. The value of r g is obtained by using the following relation 5 :
Moreover, the γ values are randomly assigned to each galaxy in the range 0.2 − 1.75.
At the end, we gathered a sample of 240. The total mass of the cluster is M cl = 9.2 × 10 13 M ⊙ . We distributed the galaxies in the space using a King-like profile 6 , due to
being ρ 0 the central density, r c = 0.1 Mpc the core radius, r cut = 3.85 Mpc the truncation radius and α = 1 that corresponds to the classical King distribution.
Modeling the external potentials
According to ΛCDM model, we assumed ρ Λ = 0.7 × 10 −29 g/cm 3 . When DE is taken into account, each particle moves under an additional acceleration arising from antigravitational effect of DE. The interplay between gravity and anitgravity leads to define a distance R Λ at which the total force is null, i.e.
This physical quantity is the so-called zero-gravity radius (ZGR) [7] [8] [9] . The gravity dominates at distances r < R Λ , whereas the antigravity is stronger that the gravitational force at distances r > R Λ .
From X-ray astronomy, we know that the volumes of space between galaxies in galaxy clusters are filled with a hot plasma (10 7 − 10 8 K), better known as IntraCluster Medium (ICM). Therefore, in order to obtain a more reliable model, we simulated gravitational contribution of the ICM with another external potential given by the modified β-model 10,11 which describe the spatial distribution of the ICM in the majority of the observed clusters. The density profile for this model is given by
The value of the parameters are α = 4.6 and β = 1.2 and the gas core radius is r c = 0.25 Mpc. Hence, each particles suffers a total forces given by
When the ICM is taken into account, an additional mass, equal to ∼ 5% of the total mass of the cluster, is considered (M gas ≃ 4.7 × 10 12 M ⊙ ).
Set of simulations
We performed four simulations, listed in the following and resumed in Tab. 1
• S1: the cluster is isolated in the space, no external forces act on it;
• S2: the cluster is embedded in a Universe filled with DE;
• S3: the cluster is embedded in an external potential simulating the ICM;
• S4: the cluster is embedded in both potentials due to DE and ICM. Because of the huge computational cost, the models S1, S2 and S3 were carried out up to ∼ 3.5 Gyr whereas the model S4 was carried out until 5.3 Gyr which is enough to detect well visible differences among all the four cases.
ANALYSIS AND RESULTS
For each simulations we investigate the motion of the galaxies in the further region of the cluster, close to the ZGR. It has been also reproduced the Hubble diagram which represents the velocity-distance relation of each galaxies in order to quantify the effects of DE in the galactic dynamics. Moreover, we followed the formation of a merger product in the central region of the cluster. All the results are discussed in the following sections.
Dynamics of the further galaxies
As it was mentioned in Section 2.2, R Λ is the distance at which the forces that act on a galaxy cluster belance each other. In order to evaluate the effect of DE antigravitational force, we investigated the trajectory of the outermost galaxies during all the four simulations, founding interesting results in the models in which the DE is switched on. In order to label one galaxy like an escaper galaxy, it must be at distance greater than the ZGR (r > R Λ ) and it must have a positive total energy (E tot > 0). When this two criteria are satisfied, that galaxy can be considered unbound to the cluster. In Fig. 1 is well visible that for models S2 and S4, in which the DE is considered, the galaxy go away from the cluster centre, whereas in simulations S1 and S3 the attractive effect of the gravity and the gas, moves the galaxy toward the cluster centre. This picture is reproduced by ∼ 90% of the escaper galaxies, providing an evidence for the dynamical effects of DE also on scales of few megaparsecs, as well as in larger volumes.
Hubble diagrams
A way to higlight the effect of DE is looking at the so-called Hubble diagrams, which show the radial velocity of each galaxy with respect to the distance from the cluster centre. On the largest scales, i.e. > 100 Mpc, the Universe is homogeneous and isotropic and well described by the Friedmann models. In this context, the Hubble constant H 0 is the cosmological parameter that well describe the size and the age of the Universe. On the other hand, on small scales (< 100 Mpc) the Universe is significantly inhomogeneous, due to the presence of galaxies and cluster of galaxies. Because of density fluctuations, we are in presence of a different expansion rate that can be called local Hubble constant H L , different from the global one.
These Hubble diagrams can be used to make a roughly estimation of H L , which represent the slope of the velocity-distance relation. In the left panel of Fig. 2 are represented the radial velocities of the 240 galaxies in S1 from the starting point (dots) to the end of the simulation (circles), at 3.5 Gyr. It is possible to see that the average of the radial velocity is very close to zero. On the other hand, in the right panel of Fig. 2 are represented the galaxies velocities in S4 from the starting point (dots) up to ∼ 5.3 Gyr of the evolution (circles). Here is evident a nearly linear increase of the velocity at increasing distance. This results suggest that there are no possibility to have a LHF if DE is not taken into account.
Cluster substructures
We found that in all the four cases the most massive galaxies tend to concentrate to the cluster centre, due to the action of dynamical friction. Their collisions and merging drive the formation of massive substructures. Our analysis was focused on S4 model. The mass of the structure is M cen = 1.2 × 10 12 M ⊙ , enclosed within 10 kpc from the GC centre. The left panel of Fig. 3 shows a surface density map of the inner 70 kpc of model S4. It is evident the central structure, surrounded by a number of smaller galaxies which are approaching it. We found that the density profile (right panel of Fig. 3 ) of the merging product is well described by a Dehnen profile due to Eq. (1), where M g = (3.27 ± 0.05) × 10 12 M ⊙ , r g = (4.02 ± 0.04) kpc and γ = 0.
CONCLUDING REMARKS
In the following we summarize our results.
• The antigravitational effect of DE is well visible on the galaxies that lie belonging the region delimited by the ZGR, distance at which the total force acting on the galaxy cluster is null.
• We reproduced four Hubble diagrams of the cluster, finding that in both the models in which the DE is switched on (S2 and S4), galaxies out of the ZGR have a radial velocity that increases, with a linear trend, respect to the distance from the cluster centre.
• We followed the merging among galaxies leading to the formation of substructures with mass M cen ≃ 3.6% M cl and a density profile well described by a Dehnen profile (γ = 0).
These results allow us to conclude that the LHF can be ascribed to a local effect of DE also in a volume of few megaparsecs.
